Malaria parasites (Plasmodium spp.) have plagued humans for millennia. Less well known are related parasites (Haemosporida), with diverse life cycles and dipteran vectors that infect other vertebrates. Understanding the evolution of parasite life histories, including switches between hosts and vectors, depends on knowledge of evolutionary relationships among parasite lineages. In particular, inferences concerning time of origin and trait evolution require correct placement of the root of the evolutionary tree. Phylogenetic reconstructions of the diversification of malaria parasites from DNA sequences have suffered from uncertainty concerning outgroup taxa, limited taxon sampling, and selection on genes used to assess relationships. As a result, inferred relationships among the Haemosporida have been unstable, and questions concerning evolutionary diversification and host switching remain unanswered. A recent phylogeny placed mammalian malaria parasites, as well as avian/reptilian Plasmodium, in a derived position relative to the avian parasite genera Leucocytozoon and Haemoproteus, implying that the ancestral forms lacked merogony in the blood and that their vectors were non-mosquito dipterans. Bayesian, outgroup-free phylogenetic reconstruction using relaxed molecular clocks with uncorrelated rates instead suggested that mammalian and avian/reptilian Plasmodium parasites, spread by mosquito vectors, are ancestral sister taxa, from which a variety of specialized parasite lineages with modified life histories have evolved.
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Bayes factors | parasite diversification | Plasmodiidae M alaria parasites [broadly Apicomplexa: Haemosporida (1, 2)] have been well sampled in primates and songbirds, but are poorly known in other vertebrate groups. Recent surveys of blood parasites in vertebrate wildlife populations, using PCR to screen hosts for infections and DNA sequencing to identify parasite lineages, have revealed a rich diversity of hemosporidian parasites (3) (4) (5) (6) , possibly comparable to the number of hosts surveyed (7, 8) . It is important to reevaluate our interpretation of hemosporidian evolution as we expand sampling, to provide insight into shifts among hosts and vectors-often implicated in emerging infectious diseases-and to interpret the evolution of malaria parasite life cycles. Because choice of outgroup taxa critically influences the reconstruction of evolutionary relationships (9), it is also important to reassess assumptions about ancestral relationships and the monophyly of taxa. Premolecular reconstructions based on morphology and life history traits presumed that a monophyletic clade of Plasmodium parasites exhibited the most derived traits [e.g., asexual reproduction (merogony) in the circulating blood of the vertebrate host, production of hemozoin pigment from the metabolism of hemoglobin] (10, 11); accordingly, Leucocytozoon, a parasite of birds that lacks these traits, was placed in a basal position (Fig. 1A) . Such a position for Leucocytozoon was indeed suggested in early molecular analyses based on the mitochondrial cytochrome b gene (cyt b) using genetically distant apicomplexan outgroups (Toxoplasma and Theileria), which rendered Plasmodium polyphyletic or paraphyletic (Fig. 1B) (12, 13) . More comprehensive phylogenetic analyses have adopted Leucocytozoon as the outgroup taxon, that is, placed the root of the tree a priori between Leucocytozoon and all remaining taxa without independent confirmation, which results in a paraphyletic Plasmodium ( Fig.  1C ; SI Text).
Rooting phylogenies can be problematic when outgroup taxa are not well established, as in the case of malaria parasites (13) . In many cases, the midpoint rooting method (14) , which defines the root at the node between the two most divergent groups, is used and provides plausible results comparable to outgroup rooting methods (reviewed in ref. 15) . However, when rates of evolution are heterogeneous across branches in a phylogeny, midpoint rooting can be confounded, as can outgroup rooting methods (9) , whereas molecular clock rooting methods seem robust to moderate violations of homogeneity. Although designating an appropriate outgroup taxon is the best approach to rooting a phylogenetic tree (16) , both simulated and empirical data sets indicate that molecular clock rooting methods, particularly those accounting for evolutionary rate heterogeneity, are preferred over rooting with a distant outgroup taxon (9, 17, 18) .
Results and Discussion
We provide an alternative rooting of the malaria parasite phylogeny by applying a rooting method (9, 17, 18) that does not require specifying ancestors and descendants a priori. Using this approach with the data analyzed in the most recent comprehensive phylogeny (19), we find an alternative evolutionary scenario (Figs. 1D and 2A) that differs markedly from previous molecular studies (Fig. 1C) ; Plasmodium (avian/reptilian and mammalian) becomes paraphyletic with respect to the remaining hemosporidian genera rather than being derived, and Leucocytozoon (avian) becomes a sister to Haemoproteus and Parahaemoproteus (avian). The two major subgroups are clearly associated with vertebrate host: mammalian Plasmodium and Hepatocystis versus avian/reptilian Plasmodium and avian Leucocytozoon, Haemoproteus, and Parahaemoproteus. The chiropteran (bat) parasites Polychromophilus evidently were derived from parasites of birds or reptiles (3, 20) . Increasing the taxon sampling in the ingroup and in the putative outgroup (i.e., Leucocytozoon) for the mitochondrial cyt b gene (for which large samples are available) and using the same outgroup-free rooting approach also places Leucocytozoon inside the hemosporidian phylogeny, in this case as sister to Haemoproteus, which together are sister to Parahaemoproteus (Figs. 1E and 3) .
The relationships revealed by our application of an outgroupfree approach to rooting ( Fig. 2A) are clearly distinguished from the outcomes of alternative rooting methods (Fig. 2 B-D) , including the most recent comprehensive phylogeny (19) . Midpoint rooting and the distance-based unweighted pair group method with arithmetic mean (UPGMA), both of which assume rate constancy, indicate an outgroup taxon position for Leucocytozoon ( Fig. 2 B and C) . Although likelihood ratio tests be- tween alternative topologies cannot use rooted phylogenies, such as midpoint and UPGMA trees, per se, constraining the ingroup to exclude Leucocytozoon (Fig. 2D ) results in a significantly worse estimate of phylogenetic relationships [Δ(−2lnL) = 148.14; P < 0.0001]. The distributions of Bayesian tree likelihoods from (i) a strict clock analysis (Fig. 2B , essentially a midpoint root; Fig. 2C, UPGMA) , (ii) a relaxed clock analysis ( Fig. 2A) , and (iii) an outgroup-constrained analysis (Fig. 2D ) Fig. 1 
(19). (A)
The classic topology based on these traits places Leucocytozoon, which lacks these traits, as a sister to all other Haemosporida. (B) The topology of Perkins and Schall (13) based on cytochrome b sequences rooted with Theileria. (C) The topology of Martinsen et al. (19) 
. This topology is also found under maximum likelihood optimization (Fig. 4) . A minimum set of inferred character changes for hemozoin pigment (red circles) and merogony (green squares) is indicated. LEU, Leucocytozoon; PLA, Plasmodium; HEP, Hepatocystis; HAE, Haemoproteus; PAR, Parahaemoproteus; POL, Polychromophilus. Mammalian lineages are shown in black; avian/reptilian lineages, in blue. show that both strict clock and outgroup-constrained analyses poorly describe the data in both datasets ( Table 1 ). The rapid evolution of the cyt b gene in some Leucocytozoon taxa and mammalian Plasmodium (plus Hepatocystis) (Figs. 3  and 4) represents substantial nonsynonymous nucleotide substitution and possibly adaptive amino acid changes. We have previously identified heterogeneity in protein evolution (ratio of synonymous to nonsynonymous nucleotide substitutions) in the cyt b gene of malaria parasites, particularly in the transition of Plasmodium lineages between mammalian and avian/reptilian hosts (21) . High relative rates of nucleotide substitution lead to long-branch attraction (22) (23) (24) in phylogenetic hypotheses rooted with distant outgroups, which likely brought Leucocytozoon to a basal position with respect to the remaining hemosporidian parasites in previous analyses (12, 13) and resulted in previous acceptance of Leucocytozoon as the appropriate outgroup taxon.
Whereas recent phylogenetic reconstructions have Plasmodium as monophyletic (Fig. 1A) , polyphyletic (Fig. 1B) , or paraphyletic (Fig. 1C) , our analyses show that Plasmodium as currently circumscribed is polyphyletic. The basal split in the phylogeny of contemporary malaria lineages is between mammalian and avian/reptilian Plasmodium, each of which is more closely related to other genera of Haemosporida than to each other (Figs. 1E and 2A) . Accordingly, the taxon Plasmodium will need to be redefined as a result of the new phylogeny, and character evolution in malaria parasites will need to be reinterpreted by morphological taxonomists and molecular systematists working closely together (25) .
The evolution of host specialization, vector specialization, and life cycle traits in the Haemosporida remain poorly characterized. However, a properly rooted phylogeny that indicates the directions of evolutionary transitions is a first step toward understanding host and vector switching leading to the emergence of new infectious diseases. Our placement of the root of the malaria parasite phylogeny indicates that merogony (three inferred losses) and hemozoin pigment (one inferred loss) are neither derived characters nor evolutionarily conservative (Fig.  1E) . The direction of vertebrate (secondary, i.e., asexual phase) host switching can be inferred in the case of Polychromophilus as being from avian/reptilian to mammalian hosts. Assuming that mosquitoes (Culicidae) are the ancestral primary (i.e., sexual phase) vectors of contemporary Haemosporida, lineages of parasites have switched to Culicoides midges (Hepatocystis and Parahaemoproteus), Simulium blackflies (Leucocytozoon), and Hippoboscoidea louse flies (Haemoproteus) and bat flies (Polychromophilus).
The diversification of contemporary Haemosporida evidently has occurred recently compared with the evolution of host and vector lineages, likely within the last 20 million years (26) , and the long history of evolution in this group, inferred from the presence of parasite stages in dipteran vectors preserved in midTertiary and Cretaceous ambers (27, 28) is lost. Nevertheless, phylogenetic reconstruction of the history of contemporary Analyses of marginal tree likelihood distributions with Bayes factors suggest that a relaxed clock model explains the data better (higher lnL) than either a strict clock or forcing Leucocytozoon to an outgroup position. Fig. 3 . Phylogenetic tree produced using a relaxed clock with an HKY + gamma model of nucleotide substitution and uncorrelated, lognormally distributed rates. Relative rates of evolution on branches increase from blue through black to red, and also increase as shown by fills from white to red. High rates of nucleotide substitution particularly characterize mammalian Hepatocystis and avian Leucocytozoon; also see Fig. 4 . members provides an appropriate context for understanding evolutionary transitions associated with switching to new vectors and hosts, and thus the emergence of new infectious diseases. Extended sampling of Haemosporida in nature, particularly of the parasites of mammals, combined with comparative genomic analyses associated with host switching, should greatly improve our understanding of the evolution of pathogenic organisms.
Methods
We used sequence data from four genes analyzed by Martinsen et al. (19) for as many as 60 parasite lineages: mitochondrial cytochrome b (607 nt), cytochrome oxidase I (998 nt), apicoplast caseinolytic protease C (523 nt), and nuclear argininosuccinate lysase (206 nt). Incomplete data were treated as missing values in a concatenated data set. We used a relaxed molecular clock in BEAST (29) [two runs each; GTR + I + G (four rate categories); estimated base frequencies; Yule tree prior; 10,000,000 generations, sampling every 1,000th tree with a 10% burn-in] and generated consensus data from 18,000 trees. We also downloaded additional avian Leucocytozoon, Hepatocystis, Haemoproteus, and Parahaemoproteus and mammalian Plasmodium and Polychromophilus (3) cyt b sequences from GenBank (1,125 nt), which were combined with cyt b data from Martinsen et al. (19) in a maximum likelihood analysis [RAxML (30) , using GTR + G; 100 bootstrap iterations] and in BEAST runs [as above or using HKY + gamma (four rate categories), Yule tree prior, 10,000,000 generations, sampling every 5,000th tree with 10% burn-in (i.e., 1,800 trees)]. The estimated sample size was >200 in all BEAST runs. For each of the foregoing data sets, we also conducted BEAST runs using a strict clock and a relaxed clock with Leucocytozoon and all remaining taxa constrained to be monophyletic. We then compared the likelihood distributions from the relaxed clock, the strict clock, and the outgroup-constrained analyses using BayesFactors (1,000 bootstrap replicates) in Tracer version 1.5 (31) . We tested two alternative topologies, one with Leucocytozoon taxa as a sister to other avian hemosporidians (our rooting) and one with Leucocytozoon taxa unconstrained, using the Shimodaira-Hasegawa test (32) , with resampling estimated log-likelihood approximation, 1,000 bootstrap pseudoreplicates, and PAUP* (33). 
